The contribution of large-scale and intermediate-size structural variation (ISV) to human genetic disease and disease susceptibility is only beginning to be understood. The development of high-throughput genotyping technologies is one of the most critical aspects for future studies of linkage disequilibrium (LD) and disease association. Using a simple PCR-based method designed to assay the junctions of the breakpoints, we genotyped seven simple insertion and deletion polymorphisms ranging in size from 6.3 to 24.7 kb among 90 CEPH individuals. We then extended this analysis to a larger collection of samples (n 5 460) by application of an oligonucleotide extension -ligation genotyping assay. The analysis showed a high level of concordance (99%) when compared with PCR/sequence-validated genotypes. Using the available HapMap data, we observed significant LD (r 2 5 0.74 -0.95) between each ISV and flanking single nucleotide polymorphisms, but this observation is likely to hold only for similar simple insertion/deletion events. The approach we describe may be used to characterize a large number of individuals in a cost-effective manner once the sequence organization of ISVs is known.
INTRODUCTION
Variation in human genomic sequence provides the molecular foundation for phenotypic differences seen in human populations. Single nucleotide polymorphisms (SNPs) have been the focus of recent studies correlating disease to genetic variation, resulting in a detailed understanding of SNPs and their evolution in the genome and human populations (reviewed in 1 -4). Much less is known about the evolution and population structure of larger forms of genetic variation, including intermediate size (6 -50 kb) structural variation (ISV) (5) . Several regions containing this type of variation have been shown to predispose to disease/disease susceptibility (6) . Unlike SNPs, however, the systematic identification of ISVs and larger copy number variation has only recently been undertaken on a genome-wide level (5,7 -11) .
Two outstanding questions remain with respect to this variation. First, how often do such mutational events (deletions/insertions) re-occur on different genetic backgrounds? The strong association of ISVs with segmental duplications (5) suggests the possibility of a high frequency of recurrence due to non-allelic homologous recombination. Secondly, how can such variation be efficiently genotyped in a large cohort of individuals for putative disease association studies? Most current methods are indirect and/or relatively time-intensive and are dependent on the human reference assembly for discovery, leading to an ascertainment bias towards deletion events (5,8,9,11 -14) .
Here, we outline an approach to genotype structural variants that represent 'clear-cut' insertions and deletions in the human population. We then test a high-throughput, extensionligation genotyping method in these regions and show that highly accurate results may be obtained for a large cohort of individuals (n ¼ 460). Furthermore, we assess linkage disequilibrium (LD) of seven simple ISVs (6 -25 kb), including both insertion and deletion events and flanking SNPs, among 90 CEPH individuals from the HapMap Consortium. 
RESULTS
Previously, we obtained the sequence from 40 fosmid clones spanning regions identified as putatively polymorphic insertion/deletion events using a paired-end sequence approach and resolved the rearrangement breakpoints at the base pair level by complete insert sequencing (5) . We selected eight of these 40 regions for subsequent genotyping studies, because visual inspection revealed clear-cut insertion/deletion events when compared with the human genome reference sequence. This set included insertions that were not part of the genome assembly. Notably, none of these eight ISVs overlapped with the set of human segmental duplications at their breakpoints (15) . Two of the eight ISVs contained high GC content at their boundaries, one showed AT-rich sequence and three had Alu repeats at the breakpoints. On average, the sequence content of these eight regions was 46% GC and 49% interspersed repeats, similar to the genome-wide average (16) . Three of the common ISVs, on chromosomes 15, 16 and 22, fell inside the introns of three genes, MEGF11, WWOX and IGCL1, respectively (Table 1) . Figure 1A shows a relative structure of an insertion (human reference sequence) and deletion (fosmid sequence) allele of one such region on chromosome 16. In this study, insertion and deletion alleles are arbitrarily defined on the basis of comparison with the human genome reference sequence (hg 17). On the basis of the alignments of the fosmid sequence to the human reference assembly, we found that the size of sequence segments varied in these eight regions from 6.3 to 24.7 kb (Table 1) .
Utilizing a previously described strategy (5), we designed PCR oligonucleotides to specifically amplify either the insertion or the deletion allele present at each of these eight sites of structural variation (Fig. 1B) . PCR products from different oligonucleotide sets can be resolved as discrete bands of different sizes (Fig. 1B and C) , and therefore provide one method of distinguishing insertion and deletion alleles. Using this PCR assay, we genotyped 90 CEPH individuals (30 family trios) also SNP genotyped as part of the International HapMap Consortium (http:/ /locus.umdnj.edu/nigms/ products/hapmap.html), at each of the eight insertion/deletion sites (Fig. 1C) . We found that one of these eight sites (fosmid 2840F04) was rare and present only in the fosmid sample (data not shown) and was not utilized in further analyses. In six of the remaining seven regions, the minor allele frequency (MAF) was .5% within the CEPH population, indicating that these are common ISVs ( Table 1 ). The ISV on chromosome 15 (fosmid 647I01) was not found in the CEPH individuals but has been previously shown to be common in African, Asian and Amerindian populations (Table 1) (5). The frequencies of the insertion and deletion alleles for the seven ISVs did not show any significant (x 2 test, P 0.01) deviation from Hardy -Weinberg equilibrium (HWE) in the CEPH population tested, although the population frequencies of the ISV on chromosome 8 (fosmid 2853E03) does deviate from HWE at the P 0.05 level. Only Mendelian transmissions between parents and offspring trios were observed.
It should be noted that in order to identify a heterozygote, PCR reactions for both the insertion and deletion alleles must succeed, i.e. a hemizygote may be mis-typed as a homozygote in the case of PCR failure. We therefore verified the genotypes of individuals for these regions in two ways. We first repeated the PCR genotyping assay on four of the six most common regions and corrected 31 of the original 337 genotype calls for these four regions (9%). Secondly, we sequenced the PCR products of five regions and corrected an additional 3% (12/424) of our genotypes from analysis at the sequence level. This analysis suggests that only 88% of our original genotypes from the PCR assay were correctly identified after interpretation from a single PCR amplification (Supplementary Material, Table S1 ). In addition, our sequence analysis of the products revealed one other potential artifact. In one assay (fosmid 913E19), we identified five individuals that produced a band of the appropriate size in the PCR assay, but produced sequences matching a paralogous site located 50 kb upstream in the assembly better than the assayed locus (99.7 versus 79.2% identity). This mis-amplification may have resulted from a sequence difference underlying the PCR oligonucleotides in these particular individuals, perhaps due to gene conversion.
As a final measure, we evaluated the presence and extent of LD in these regions by comparing the verified ISV genotype calls of all 90 CEPH individuals with surrounding HapMap SNPs genotyped in the same individuals. Recent data have suggested that most small deletion polymorphisms whose median size ranges from 700 bp to 7 kb show significant evidence of LD with flanking SNPs (17 -19) . The status of larger events is not well characterized. For each of the seven regions, we calculated the r 2 value (a statistical measure of correlation between genetic markers) between each ISV and all SNPs flanking 50 kb on either side of the insertion/deletion event. We noted high r 2 between each ISV and one or more nearby SNPs (Table 1) (Fig. 2) . For example, the insertion and deletion alleles in the ISV on chromosome 16 (Fig. 2 (Fig. 2) . The range of r 2 values between the insertion/deletion alleles for the seven regions and their highest scoring 'tag' SNP is 0.74 -0.95, and the average distance between ISV boundaries and the highest scoring SNP is 7.5 kb. Thus, each of these seven regions appears to be an ancient insertion/deletion created once on a single haplotype background, rather than a recurrent mutational event (Fig. 2) (Supplementary Material, Figs S1 -6).
These data show that it is possible to establish a highquality standard for genotyping structural variation by designing PCR assays against breakpoints, but only after multiple steps of validation are considered. Thus, accurate and highthroughput genotyping of structural variants is an area in need of significant technological advance. We explored whether genotyping of these regions could be accurately achieved using Illumina TM fluorescence technology initially designed for high-throughput SNP genotyping (20 -23) . For each probe site, the two alleles are distinguished by creating allele-specific oligonucleotides (ASOs), each linked to a specific fluorescent tag, and a locus-specific oligonucleotide (LSOs). These oligonucleotide probe sets are hybridized to genomic DNA, joined via an extension and ligation protocol and the resulting product used as a template for subsequent PCR amplification. The LSO oligonucleotide for each site also contains a unique address sequence that is included in the PCR product and allows hybridization of the resulting product to a specific anchoring substrate (bead). From this anchored product, the relative fluorescence of each allele can be quantified via the fluorescent tags. Typically, two different fluorescently labeled probe sets target each allele of an SNP. When tested against a population, individuals will segregate into three genotype clusters groups based on the relative intensity of the fluorescent probes hybridized to each allele. The plots from the 5 0 and 3 0 invariant (control) regions in Figure 3A show two examples of results from a typical SNP assay. We reasoned that if the signal intensity from probes specific to the insertion allele of an ISV was sufficiently quantitative, hemizygotes and homozygotes might also be distinguished.
We selected three regions (chromosomes 3, 16 and 22) ( Table 1 ) and designed at least four oligonucleotide probe sets (consisting of two ASOs and corresponding LSO) specific to the inserted sequence and at least three oligonucleotide probe sets corresponding to SNPs flanking the insertion/ deletion site (5 0 and 3 0 ) for each. The latter were used as positive genotyping controls for structurally invariant regions of the genome (Fig. 3A) . For the ISV on chromosome 16, we designed oligonucleotide probe sets corresponding to common SNPs within the deleted region (Fig. 3A) . For two of the regions, which contained insertions with respect to the genome assembly (insertion polymorphisms) (chromosomes 3 and 22), we did not design oligonucleotides corresponding to an SNP and thus designed probe sets to detect only one color of fluorescent tag (Fig. 3B) . In total, 36 reporting oligonucleotide probe sets were designed and tested against 460 individuals using standard conditions (20,23) (Supplementary Material, Table S2 ).
Of the 36 oligonucleotide probe sets designed within regions of structural variation, 21 were informative for distinguishing the hemizygous state from other genotypes. It is unclear why 15 of the probe sets were uninformative, but our data suggest that poor probe design may contribute to less informative results. In the case of the deletion polymorphism on chromosome 16 where oligonucleotides were designed corresponding to SNP positions, six genotypes could be readily distinguished: (a) individuals homozygous for the insertion and homozygous for either SNP allele, (b) those homozygous for the insertion sequence and heterozygous for either SNP allele, (c) those hemizygous for the insertion/deletion and thus necessarily harboring only one of the two possible SNP alleles and (d) those homozygous for the deletion allele (Fig. 3A) . Alternatively, for the ISV shown in Figure 3B , the insertion allele is not found in the human reference assembly and no common SNPs can be evaluated. As a result, these probe sets are made for only one allele and discriminate between only three possible combinations of alleles in each individual: homozygous for the insertion (AA); hemizygous for the insertion and deletion alleles (A -) and homozygous for the deletion allele (--) (Fig. 3B) . Genotyping calls for each ISV were made by utilizing the probe site which showed the greatest genotype discrimination (based on visual inspection) to define each individual's genotype. We subsequently tracked each individual relative to this initial genotype classification in the other informative probe sets across the ISV (Fig. 3) . Among the 460 individuals that we genotyped, we included the parental DNAs of 60 unrelated individuals from the original CEPH trios (Supplementary Material, Table S4 ). We therefore assessed the accuracy of this hybridization-based method by comparing the results with our initial PCR and sequencing assays for these 60 individuals. In all, the fluorescence-based genotyping calls for overlapping individuals were consistent with the final estimates from our PCR/sequencing-based genotypes in 177 of the 179 reporting cases (98.9%), establishing this method of genotyping as a more robust and accurate method than single-pass PCR assays designed specifically to the junctions. (Table 1,  2558B13 ) and genotyped among 460 individuals via a fluorescent tag ligation and extension protocol (20, 21, 23) . In each of these five assays, ASOs were designed to specific SNPs (A) or (B) identified within the genome sequence. The bottom two plots show the relative fluorescence intensities of control probes specific to either of the two common SNP alleles in the flanking structurally invariant region. Homozygous individuals (AA or BB genotype for the SNP) have a strong relative intensity in only one fluorescence intensity axis (Cy3 or Cy5), whereas heterozygous individuals (AB) show an intermediate intensity value. The top three plots show the outcome of three probe sets targeted to common SNPs in the insertion allele of an ISV on chromosome 16. These probes can discriminate between six possible combinations of alleles in each individual including hemizygotes (A -or B -) and homozygous deletions (--). Although the null (--) genotype individuals appear to be fewer in count in Probe 3, they are, in fact, plotted in a tight cluster such that not all individuals can be resolved in this figure. (B) Shows genotyping results for a 10.5 kb insertion allele discovered by sequencing of a fosmid (Table 1, 3777M04) . In this case, probe sets corresponding to the insertion were not designed over a SNP. Nevertheless, three different genotypes can be distinguished based on relative intensity in only one fluorescence intensity axis (Cy3 or Cy5): homozygous for the insertion allele (AA); hemizygous for the insertion allele (A -) and homozygous for the deletion allele (--). A SNP is, therefore, not essential for genotyping structural variants but does provide additional information that may be used to correlate SNP and ISV properties. Each cluster is colored based on visual inspection. In both (A) and (B), genotypes were called based on the probe set with the most distinct non-overlapping clusters (Probe 2 and Probe 1, respectively). Individuals in the other probes are colored based on the initial classification.
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DISCUSSION
Genomic lesions such as ISV are an important aspect of human phenotypes. Our detailed analyses of the structure and location of six common (MAF . 5%) and two rare ISVs reveal several aspects of the structure and evolutionary history of these regions. We note that this is a highly ascertained data set in that none of these eight ISVs are bounded by human segmental duplications or show complex insertion or deletion structures. Consequently, the breakpoints of these events are easily delineated. Notwithstanding, such standard insertion/deletions account for 50% of intermediate-size events (5) and frequently affect the coding regions of genes. Our detailed analysis shows that single-pass PCR analysis to determine the genotype of these regions in multiple individuals has a relatively low accuracy rate (88%). PCR reaction failure contributed most significantly to mis-called genotypes and would likely be more significant in the clinical setting and disease association studies. This finding may have implications for the false-positive rates of other PCR-based ascertainment strategies. In addition, complete sequencing of each PCR reaction revealed mis-amplification from a nearby duplication in six individuals at one site. This example highlights the necessity of developing assays truly specific to the site of structural variation. In this regard, multiple rounds of PCR amplification and sequencing are required to establish a high-quality standard. Traditionally, correlation between disease and variation has been tracked using SNPs as markers for association with particular phenotypic traits (reviewed in 24). The potential of much larger variation, such as the insertion/deletion events reported here, to impact disease may be at least as great as that of SNPs, given that regulatory regions, exons and even whole genes can be deleted, duplicated or disrupted by a single event. Thus, the effort to associate ISVs with disease risk requires a better understanding of their evolutionary history. Like a SNP, if an ISV occurs only once during human evolution on a single ancient haplotype, it will show linkage with nearby SNPs and could prove to be a more informative marker than if it is a recurrent event found on varied haplotype backgrounds (1,5,25 -28) . The ISVs assessed here show significant association with surrounding SNPs with r 2 values between 0.74 and 0.97. Our findings are consistent with and extend recent LD observations from smaller deletion polymorphisms (18,29 -31) to larger deletions (8 -25 kb) as well as insertion sequences that are not represented in the human genome assembly. We should caution, however, that the limited number of structural variants studied here is not without ascertainment bias, as they were essentially preselected for their simplicity for the development of PCR assays that could successfully traverse junctions of the insertions/deletions. Furthermore, our evaluation of LD included only individuals from the European -American CEPH population of the HapMap collection, which contains limited genetic diversity relative to African populations. Our finding of strong LD with flanking SNPs, therefore, should not be extrapolated to more complex structural variants whose junctions are embedded within large duplication structures. Additional research is required to rigorously assess properties of LD for larger variants.
As we have shown, one of the major difficulties of characterizing structural variation in the human population is the lack of an accurate, cost-effective and high-throughput genotyping method. The genotyping method we present here provides one possible technology to genotype biallelic ISVs. This technology has several advantages including that it is 99% accurate and can analyze at least 460 individuals at multiple sites quickly. It is also noteworthy that this approach depends on hybridization, locus-specific extension and ligation and then amplification of very short (,150 bp) products, as opposed to PCR of larger products as the primary method of genotyping. As such, it may be more specific and reliable for analysis of larger numbers of individuals of variable DNA quality (23) . Our analysis indicates that not all oligonucleotide probe sets used in this assay are equally informative, perhaps because of suboptimal probe design, and that a minimum of five probes should be considered to rigorously genotype each insertion/deletion. With the caveat of multiple reporting oligonucleotides, this approach provides considerable advantage for genome-wide association studies of large sample size.
In summary, we have performed the first detailed analyses of both insertion and deletion ISVs based on the actual sequence of these variants. The former included sequence not represented within the reference genome and, therefore, extends the analysis beyond deletion polymorphism within the human genome. We find strong LD between common ISVs and flanking SNPs in 6/6 cases and that existing fluorescence-based genotyping platforms such as the allele-specific assay described earlier may be used to accurately genotype these variants in a large number of samples if approximately five probes are designed to the variant in question. Because accurate genotyping requires precise sequence data, future sequencing and characterization of structural variation should remain a priority. Although the ISVs described here appear to be non-recurrent events and nearby SNPs can be used as informative markers of these events, the variants in this study are among the simplest, being strictly bi-allelic with respect to their insertion or deletion status. Further study and technology developments are required to genotype larger, more complex structural variation and to systematically distinguish corresponding haplotypes within the human population. Such efforts are a necessary prerequisite to assess the significance of this form of variation for disease association studies.
MATERIALS AND METHODS

Fosmid sequencing and analysis
We sequenced fosmid inserts to 4-fold shotgun sequence coverage as previously described (5) . Sequence was assembled and viewed using phred/phrap/consed software tools. Sequence contigs .2 kb in size were ordered and oriented and FASTA files with underlying quality scores were generated for sequence analysis. Assembled sequence (GenBank accession nos: AC153483, AC158320, AC158324, AC171396, AC158333, AC158335, AC171397) was validated using multiple complete digest fingerprint maps with four independent restriction enzymes (EcoRI, HindIII, BglII and NsiI) (32) . We compared fosmid and human genome reference sequences (hg17) using ClustalW (http:/ /www.ebi.ac.uk/clustalw/) and graphical visualization scripts (two-way_mirror.pl and Miropeats) to identify the extent of each rearrangement.
PCR breakpoint genotyping and sequencing
DNA from the CEPH collection (HAPMAPPT01) was obtained through the Coriell Institute as a panel including 30 trios (90 samples) consisting of 44 males and 46 females. PCR amplification of variant sites was performed on each sample in a standard 17 ml reaction using 50 ng DNA and the Qiagen Taq DNA Polymerase Master Mix Kit. Thermocycling was performed in 96-well plates (PTC-225 Thermocycler, MJ Research). PCR conditions were as follows: initial denaturation for 5 min at 958C, 'touchdown' from 65 to 558C, (60 s 958C, 60 s 658C, 60 s 728C, decreasing 18C/cycle for 10 cycles), followed by 35 additional cycles for 60 s at 958C, 60 s at 558C and 60 s at 728C. PCR primers for each ISV are shown in Supplementary Material, Table S3 .
All PCR products (forward and reverse reactions) were directly sequenced, using a modified dye terminator sequencing protocol. Unincorporated primers and dNTPs were inactivated prior to sequencing by enzymatic treatment using Shrimp Alkaline Phosphatase and Exonuclease I (Fermentas, Inc.). About 1.55 ml dH 2 O, 3 U Exonuclease I and 6 U SAP were added to 10 ml PCR product, incubated at 378C for 30 min, then at 808C for 15 min. Sequencing was then performed according to manufacturer's instructions using ABI BigDye Terminator v3.1 Cycle Sequencing kit. (Applied Biosystems) Fluorescent traces were analyzed using an Applied Biosystems PRISM 3100 DNA Sequencing System (Applied Biosystems).
Microarray-bead (Illumina) genotyping
We adapted an oligo-specific extension -ligation assay typically used for SNPs and implemented the assay according to the standard protocols, as described elsewhere (20, 23) . Briefly, the ASOs for each allele and corresponding LSOs are hybridized to whole genomic DNA from each individual and washed to remove non-hybridized material. These ASOs and LSOs are then extended across the 1 -50 bp gap between them and ligated to form the template for PCR with allelespecific fluorescently labeled universal primers, the product of which is hybridized to oligonucleotides complementary to the unique address of the LSO anchored to the bead substrate. The relative fluorescence of each allele is then quantified and the genotype determined. The sequence for all ASOs and LSOs is presented in Supplementary Material, Table S4 .
